A physical model for impedance of a PEM fuel cell cathode side is developed. The model takes into account oxygen flow in the cathode channel. Analytical solution to model equations reveals an effect of spatial oscillations of the local impedance Z loc along the channel coordinate z. The oscillations arise due to interference of the local and transported down the channel perturbations of the oxygen concentration. With the growth of the frequency of the exciting signal, the domain of spatial oscillations of Z loc shrinks toward the oxygen channel inlet; a process, analogous to the skin-effect in classic electrodynamics. An expression for the characteristic width of the skin-layer is derived. The spatial oscillations are accompanied by the oscillations of Z loc along the frequency axis ω. The amplitude of Z loc oscillations decreases exponentially along z and ω, with the characteristic scale of the exponent dependent on the oxygen diffusion coefficient D b in the gas-diffusion layer. This effect enables determination of D b from the local cell impedance measured close to the channel outlet at a real operating stoichiometry of the oxygen flow. Electrochemical impedance spectroscopy (EIS) is, perhaps, the most powerful tool for in situ characterization of fuel cells.
Electrochemical impedance spectroscopy (EIS) is, perhaps, the most powerful tool for in situ characterization of fuel cells. 1, 2 In spite of impressive progress in developing physical models for PEMFC impedance, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] cell and stack developers still routinely use simple transmission line models (TLMs) for understanding the impedance spectra. 16, 17 A great advantage of TLM is simplicity and fast operation, which enables rapid characterization of the cell components in terms of TLM resistivities and capacitances. 18 However, relation of TLM parameters to the physical transport and kinetic coefficients of the cell is beyond the scope of this approach.
A much more informative physical characterization of the cell can, in principle, be done with the physical impedance models; however, these models are typically slow for accurate least-squares (LS) fitting of experimental spectra. A core element of numerical impedance models is a strongly nonlinear transient model for the cathode catalyst layer performance. [19] [20] [21] [22] A linearized and Fourier-transformed version of this model leads to the complex-valued boundary-value problem, which in the general case of arbitrary cell current can only be solved numerically. 23 The presence of the boundary-value problem solver makes the respective fitting code slow for massive processing of experimental results.
An alternative approach is based on analytical solutions for the impedance. 22, [24] [25] [26] Based on ideas developed in Refs. 27-29 this approach aims at deriving analytical solutions for the linearized version of the cell performance model. If the cell current density is small, these solutions can be obtained and a closed-form expression for the system impedance Z can be derived. Analytical relations for Z typically include the Tafel slope of the oxygen reduction reaction (ORR), the proton conductivity of the cathode catalyst layer (CCL), and the oxygen diffusivities of the CCL and the gas-diffusion layer (GDL). These relations are fast enough for using in the LS fitting algorithms, which enables direct determination of the aforementioned parameters by fitting the experimental impedance spectra, 26, 30 or even without fitting. 25 So far, the analytical impedance models have been developed assuming uniformity of the oxygen concentration and local current density over the cell surface. This regime, however, is realized if a stoichiometry λ of the oxygen flow is large. However, in typical PEMFC operating conditions, λ is around 2, and the existing analytical impedance models cannot be directly used for fitting the spectra. Low λ leads to a well-separated low-frequency arc in the Nyquist spectrum, as it has been shown experimentally 31, 32 and theoretically. 14, 33 Thus, fitting impedance spectra measured at low λ requires a "fast" analytical model, which would include oxygen transport in the cathode channel. The semi-analytical model of that type 33 is too slow to be used in fitting procedures.
Below, we report a physical model of the cathode side impedance, which takes into account oxygen transport in the GDL and in the cathode channel. Analytical solution to model equations is derived for the case of small cell current density. The solution reveals effects of spatial and frequency oscillations of the local cell impedance. The relations for key parameters characterizing these effects are derived. The model is fast enough for experimental spectra fitting. Detailed description of fitting procedures and results will be published elsewhere.
Model
Model description and assumptions.-To illustrate the idea behind the model equations, consider the cell divided into N segments ( Figure 1 ). The total cathode side impedance Z c is given by
where L is the channel length, and the local impedance of the cathode side Z loc (z) is a continuous function of the coordinate z along the channel. r Oxygen transport in the CCL is fast. This assumption limits the cell current density, for which the model is applicable; the exact criterium is given below.
r The total cathode overpotential η 0 is constant along the channel.
This assumption is justified as electron conductivities of a current collector plate and a GDL are usually high and ohmic losses in a cell are low. 34 r The flow in the channel is a plug flow with the constant velocity. This is a reasonable and widely used assumption for the air flow, as the oxygen concentration in air is small (see Discussion section for the respective estimates). Note that for oxygen flows at a low stoichiometry this assumption may fail.
r The inlet oxygen flux is fixed. Below, the respective oxygen stoichiometry λ is used to mark the impedance spectra only.
r Impedance of the anode (hydrogen) side is neglected. r The membrane is well humidified, its impedance is purely ohmic, and it merely shifts the cathode side impedance along the real axis.
To simplify calculations we will use dimensionless variables
where
is the characteristic time of double layer charging. Here x is the distance through the cell sandwich (Figure 1) , t is time, z is the distance along the channel (Figure 1 ), c h is the oxygen concentration in the channel, l b is the GDL thickness, l t is the CCL thickness, j is the local proton current density in the CCL, b is the ORR Tafel slope, η is the local overpotential of the ORR, σ t is the CCL proton conductivity, ω is the circular frequency of the exciting signal (ω = 2πf ), C dl is the double layer volumetric capacitance (F cm −3 ), i * is the ORR volumetric exchange current density (A cm −3 ), and D b is the oxygen diffusion coefficient in the GDL. The superscript in marks the values at the channel inlet, and the subscripts h, b and t mark the values in the channel, GDL and CCL respectively.
Through-plane problem and the local impedance.-Model equations.-A system of CCL performance equations is [19] [20] [21] [22] 
where D t is the oxygen diffusion coefficient in the CCL. Oxygen transport in the GDL is governed by the mass conservation equation
where c b is the oxygen concentration in the GDL. Eqs. 4-6 are the proton current conservation equation, the Ohm's law and the oxygen mass balance equation, respectively. The right sides of Eqs. 4 and 6 are the rates of proton and oxygen consumption, respectively, in the ORR. Nondimensionalization, linearization and Fourier-transform of Eqs. 4-7 lead to the system of linear equations for the perturbation amplitudesη 1 ,c 1 andc 1 b in the ω-space:
Generally, the perturbation amplitudec 1 and the static oxygen concentrationc 0 are functions ofx. If, however, oxygen transport in the CCL is fast, these variables are independent ofx, which greatly simplifies calculations. The assumption on the independence ofc 1 and c 0 onx is valid provided that the cell current density obeys to
l t [13] where c 0 1 is the static oxygen concentration at the CCL/GDL interface. Under this assumption, Eq. 9 can be omitted, and in Eq. 8 we can replacec 1 byc 1 1 , wherec 1 1 is the amplitude of the oxygen concentration perturbation at the CCL/GDL interface (atx = 1 in Figure 1 ). We can also replacec 0 byc 0 1 , wherec 0 1 is the static oxygen concentration at x = 1. With this, the system 8-10 simplifies to
Furthermore, if the proton transport in the CCL is sufficiently fast (see below), the static overpotentialη 0 also is nearly constant through the CCL depth.η 0 is related to the local static cell current densityj 
where =ω ε 2 [19] is the reduced dimensionless frequency. The boundary and interface conditions for this system arẽ
1 is the applied perturbation of the potential,c 1 h is the oxygen concentration perturbation in the channel,j 1 0 is the current density perturbation at the CCL/membrane interface. This parameter is related toη 1 through the Ohm's law: [23] Note that the first of Eqs. 21 is consistent with the assumption of fast oxygen transport in the CCL. Physically, infinite oxygen flux in the CCL immediately transports a disturbance of the oxygen concentration at the CCL/GDL interface to the CCL/membrane interface. Solution and local impedance.-Solution of the system 17, 18 is obtained as following. Eqs. 17 and 18 can be formally solved to yield
Calculation of the local impedancẽ
leads tõ
where the static oxygen concentrationc 0 1 is given bỹ
are the static shapes of the oxygen concentration and local current density along the channel. 34 Here J is the mean current density in the cell, parameter f λ is given by
and λ is the oxygen flow stoichiometry
where v is the flow velocity. Calculation ofc The first term on the right side of Eq. 28 is the local CCL impedancẽ Z ccl
As can be seen,Z ccl does not depend on the perturbation of the local oxygen concentration in the channel. However, it depends on the distancez through the static local current densityj 0 0 (z). The second term in Eq. 28 is the local GDL impedanceZ gdl
This term depends on the perturbation of the local oxygen concentration in the channelc A useful expression for the GDL impedance is obtained from Eq. 35 in the limit of infinite oxygen stoichiometrỹ
Physically, Eq. 36 describes the GDL impedance under uniform over the cell surface oxygen concentration and local current.
It is important to note, that Eq. 36 differs from the Warburg impedance, which is usually used to describe impedance of a GDL (see e.g.
3 ). Figure 2 shows comparison of Eq. 36 to the Warburg impedanceZ W for diffusion in a layer of a finite thicknessl
The fundamental difference between Eqs. 37 and 36 is due to the factor 1 + i /J in the denominator of Eq. 36; it can be shown that without this factor, Eq. 36 reduces to the Warburg impedance (Appendix B).
The reason for the "non-Warburg" factor in Eq. 36 is as following. Warburg impedance is obtained using a static (Nernst, Butler-Volmer, or Tafel) equation to relate the perturbation amplitudes of potential and oxygen concentration at the planar electrode (Ref. 2, pp. 85-109) . This procedure implies that the non-stationary term in the charge balance equation Eq. 4 is small. The latter assumption holds in the lowfrequency range if the double layer capacitance of the planar electrode is small (Appendix B). In the model above, the relation between the perturbation amplitudes is obtained from the exact transient charge conservation equation for the porous electrode, in which C dl cannot be ignored. Note that close to the static limit ( = 0), Eq. 36 at leading order reduces to the Warburg impedance; this is clearly seen in Figure 2 . Table I . The resistivityR W = 0.474 in Eq. 37 is chosen to match the curves at the rightmost (DC) point.
Oxygen flow in the channel and the total impedance.-Oxygen mass balance in the channel.-The mass balance equation for the oxygen concentration c h in the channel is
in h [38] where
is the oxygen flux through the GDL/channel interface and c in h is the inlet oxygen concentration. In dimensionless form, Eq. 38 reads
where [40] Note that the product λJ =Ñ in h , whereÑ in h is the dimensionless inlet oxygen flux in the channel. This flux is assumed to be fixed, i.e., in the equations below, the product λJ is not affected by perturbations. Under fixed λJ , Eq. 39 is linear and hence an equation for the perturbation amplitudec 
where A and B are the coefficient functions given by A6 and A7, respectively. A general solution to Eq. 42 is
Unfortunately, the integrals in Eq. 43 cannot be evaluated in a closed form. However, Eq. 42 can be simplified. As the model discussed is valid forJ 1, we may expand the right side of Eq. 42 in series over J . Keeping the leading-and first-order terms, we get λJ ∂c
[44] where the independent ofz parameters α, ρ, γ are given by Eqs. A8 in Appendix and β is
[45] Eq. 44 has an explicit solution:
For typical PEMFC parameters, the accuracy of impedance calculated with this solution is better than 5% in the whole frequency range, as Table I ; the oxygen stoichiometry is indicated at the curves. compared toc 1 h (z) resulted from the direct numerical integration of Eq. 42 ( Figure 3) . Total impedance of the cathode side and its static limit.-The total cathode side impedance Z c is given by Eq. 1; in dimensionless form this equation reads
WithZ loc given by Eqs. 28, A3 and 46, this integral has to be calculated numerically.
The total static differential resistivity of the cathode sideR c is given by lim →0Zc . An analytical expression for this limit cannot be derived from Eq. 47. Nonetheless, the static analysis leads to a simple relation forR c . In the case of a constant oxygen stoichiometry
where f λ is given by Eq. 32. However, keeping λ constant during impedance measurements is hardly possible, as this would require synchronous oscillating variation of the oxygen inlet flux in phase with the potential perturbation. 
The impedance model above is constructed assuming thatÑ in h is fixed and hence the static limit of impedance 47 is given by Eq. 49.
Results and Discussion
Model spectra.- Figure 3a shows the model spectra for the three stoichiometries of the oxygen flow. Note that the spectra are calculated assuming constancy of the inlet oxygen flux; the respective stoichiometry is used to indicate the curves only. Points in this figure represent the spectra calculated using the numerical solution to the exact equation forc 1 h , Eq. 42, while the solid lines show the spectra calculated with the analytical solution 46 to the reduced equation Eq. 44. As can be seen, the error introduced by the Taylor expansion overJ is not large and for typical operating stoichiometry of λ = 2 it can be neglected.
The spectra in this figure clearly show two big arcs: the lowfrequency arc due to the oxygen transport in the channel 31, 33 and the high-frequency "faradaic" arc. Note that the high-frequency arc contains also the contribution due to the oxygen transport in the GDL. In fact, this arc represents two overlapping arcs, one of which is a true faradaic arc linked to the high-frequency straight line due to proton transport in the CCL, while the other is due to the oxygen transport in the GDL. This effect is seen in Figure 3b , which shows the spectrum of the contributionZ gdl+h of the oxygen transport in the GDL and channel to the total impedance. This contribution has been calculated according to
[50]
is the DC resistivity of the CCL, 25 andj 0 0 (z) is given by Eq. 31. The effect of the oxygen transport in the GDL is best seen in the inset in Figure 3b : with the growth of λ, the spectra tend to the "limiting" arc (dashed curve), which represents the GDL impedanceZ ∞ gdl , Eq. 36, under unform over the cell surface oxygen concentration and local current (λ → ∞). This small arc usually overlaps with the faradaic arc in the middle frequency domain (see dashed curve in Figure 3a) , which makes it invisible by a naked eye. However, accurate fitting procedures can distinguish a contribution of this arc to the total impedance. In Eq. 46, the complex-valued parameter β, Eq. 45, describes oscillating alongz part ofc Table I . Note exponential decay of the oscillations amplitude alongz.
To clarify this effect consider the expression for β, Eq. 45. The dominating imaginary term determining the wave vectork z ofzoscillations ofc 1 h is −iξ 2 ε 2 , and hence this wave vector is given byk
where the subscript z indicates the value in the spatial domain. With the data in Table I and = 0.1, we getk z 200, which agrees with the curve in Figure 4a . Eq. 51 shows that the spatial oscillations are triggered by the flow in the channel; at infinite velocity of the oxygen flow the effect vanishes.
At sufficiently large , the oscillations amplitude decays exponentially withz, i.e, it decays as exp(−z/l z ). To show this consider Table I. again Eq. 45. The third term on the right side of this equation tends to zero with the growth of , and of interest is the second term, β 2 . Separating the real part of this term, we get
At ζ > 2, the expression in brackets in Eq. 52 tends to −1 and we get
The inequality ζ > 2 leads to
For typical PEMFC parameters this yields > 0.1, which corresponds to regular frequencies f > 10 Hz. For these , the characteristic scalel z of the exponent in Eq. 46 is given by λJ /β 2 , i.e.,
Thus, the characteristic width of the spatial domain ofz-oscillations decreases inversely proportional to the square root of the frequency of temporal oscillations of the exciting signal. The dependence l z ∼ 1/ √ D b ω and the exponential law of the oscillations amplitude decay withz make the effect quite analogous to the skin effect in metal conductors. 36 Comparing Eq. 56 to the expression for the skin-effect penetration depth in electrodynamics
we see that in Eq. 56, the oxygen diffusion coefficient D b plays a role of the metal electric conductivity σ in Eq. 57. Note that c in Eq. 57 is the speed of light in vacuum.
The spatial oscillations form due to interference of the local and transported along the channel perturbations of the oxygen concentration. This interference has been discussed in Ref. 33 in relation with the loops in the local impedance spectra (see below). Temporal oscillations ofη 1 1 are synchronous along the channel length. The perturbatioñ η 1 1 induces temporal oscillations of the local oxygen concentration in the channel. However, the local perturbations of the oxygen concentration sum up with the perturbations transported by the flow from the upstream domain. At some points alongz the phases of the local and transported oscillations coincide and there, the perturbation of the oxygen concentration increases. In the other domains, the transported and local perturbations partially cancel out and the total amplitude of c 1 h decreases. As a result, the perturbation of the local faradaic current, and the local cell impedance also exhibit spatial oscillations.
On a distance on the order ofl z from the channel inlet, the spatial oscillations ofc 1 h in the channel are damped due to the oxygen transport in the GDL. Therefore, the faster this transport, the smaller the "penetration depth" l z , as Eq. 56 shows.
Interference of the local and transported perturbations in the channel leads to formation of loops in the local impedance spectra. Figure 6 shows the local spectra for the three points along the oxygen channel. As discussed above, at some frequencies, the local perturbation of the O 2 concentration is in phase with the transported one, and the impedance increases. At the other frequencies, the local and transported perturbations partially cancel out and the impedance decreases. This process is repeated periodically along the frequency axis (Oxygen flow in the channel and the total impedance section, see also Ref. 33) , which leads to loops in the local spectra.
It should be emphasized, thatc 1 h decreases with , and hence with the growth of , the contribution of the oxygen transport in the Figure 6 . Model local impedance spectra at the indicated locations from the channel inlet. Parameters for calculations are listed in Table I ; the dimensionless current densityJ = 0.1. Table I. channel to the total impedance vanishes. For example,c 1 h in Figure 4a is nearly three orders of magnitude smaller, than the amplitudeη 1 1 . From practical point of view this means, that numerical integration in Eq. 1 can be performed using about a hundred points on the interval [0, 1] at all frequencies, i.e., ignoring the fine structure of the oscillating functionc 1 h (z) at larger . Note that attempt to calculate the integral in Eq. 1 numerically using the built-in Maple modules fails. These modules automatically refine the computational mesh in the oscillating domain in order to accurately integrate the vanishing rapidly oscillating functions, which results in a huge computational time.
Oscillations of the local impedance along the ω-axis.-At a fixed distancez, the exponent in Eq. 46 describes the oscillations of the oxygen concentration perturbation amplitude along theω-axis:c 1 h ∼ exp(−ik ωω ). The wave vectork ω of these oscillations is given by the first (dominating) imaginary term in the expression for β, Eq. 45:
where the subscript ω indicates that the oscillations occur in the frequency space. Evidently, these oscillations induce the oscillations of the local impedance along theω-axis. Figure 7 shows the oscillations of the absolute value of local impedance |Z loc | as a function of the dimensionless frequencyω. The amplitude of |Z loc | oscillations decreases with the growth ofω ( Figure 7) . The law of decay is ∼ exp(− √ω /ω ω ), with the characteristic scaleω ω given by the real part of the second term in Eq. 45. For sufficiently largeω, Eq. 55, this scale is
Note thatω ω is inversely proportional to the square of the distance from the channel inlet. Thus, the damping effect is more pronounced close to the channel outlet. Note also that ω ω is inversely proportional to the oxygen diffusion coefficient D b in the GDL. Therefore, this parameter can be obtained if the local impedance is measured at a certain distance from the inlet, preferably at the channel outlet. For example, fitting the amplitude of oscillations in Figure 7 using the exponential function ∼ exp − √ω /ω ω yields the parameterω ω , which givesD b .
Cathode impedance at infinite oxygen stoichiometry.-If λ is large, the local current in the cell is nearly equal to the mean current densityJ . Settingj 0 0 =J in Eq. 34 and summing the result with the GDL impedance for λ → ∞, Eq. 36, we get a compact expression for the cathode side impedance at large λ:
This equation can be used for fast fitting of experimental impedance spectra measured at large λ. The fitting procedures and results will be published elsewhere.
Discussion.-Only few experimental works report local impedance spectra at low oxygen stoichiometry (flow rate); 31, 32, [37] [38] [39] [40] the most detailed study has been published by Schneider et. al. 31, 32 Local impedance spectra of Refs. 31,32 do not exhibit loops similar to those depicted in Figure 6 . However, measured local spectra in Figure  10 of Reshetenko et. al. 38 and in Figure 5 of Zamel et. al. 40 exhibit loops in the segments located far from the air channel inlet, as predicted by our model. It is worth mentioning that accurate resolution of loops may require about a hundred of points per frequency decade.
The general system for the perturbation amplitudes in the CCL 8-10, which includes oxygen transport equation, can only be solved numerically. The model above ignores the oxygen transport in the CCL. This is the cost of the possibility to reduce the system 8-10 to the manageable Eq. 17. The benefit of this simplification is the relations for the wave vectors and damping factorsl z andωω in Through-plane problem and the local impedance and Oxygen flow in the channel and the total impedance sections. These relations clarify the effect and show the dependence ofl z andωω on the GDL oxygen diffusivity, providing a means for measuring this parameter.
In general, we expect that more accurate cell parameters could be obtained if a cell is characterized at a high oxygen stoichiometry using the 1D impedance model. 26 However, the model discussed could allow us to characterize the quality of the flow field in a cell, which is beyond the scope of 1D models. The low-frequency arc in the impedance spectrum contains information on transport properties of a system "flow field + GDL". This information is only available at low stoichiometry, and it could be extracted from fitting the model to experimental spectra.
It should be emphasized that the model works at a low cell current density J; combining the inequalityJ 1 and Eq. 13 we get an inequality, which limits J:
where j * is the characteristic current density for proton transport in the CCL. Physically, 61 means that the proton and oxygen transport losses in the CCL must be small. On the other hand, the model is not applicable close to the open circuit conditions, as the ORR rate is described above by the Tafel equation. The Tafel approximation works starting from η 0 0 > 2b; in terms of the cell current density, this inequality translates toJ > 1/ε 2 . For typical cell parameters, this is equivalent to J > 10 −5 A cm −2 . Another important prerequisite for model application is uniformity of membrane hydration along the cell surface. This uniformity is required to ensure that the static CCL overpotential η 0 0 is constant along the cell surface.
The assumption of constant flow velocity in the air channel can be supported by following arguments. Generally, the flow velocity in the air channel increases, as each oxygen molecule is replaced by two water molecules produced in the ORR. To a first approximation, the pressure of the flow can be considered constant along the channel coordinate z. Thus, due to increasing number of molecules along z, the flow velocity must increase to preserve the constant pressure. 41 These arguments lead to the velocity shape along the air channel given by
) unless CC License in place (see abstract 
In a well-humidified cell, the average over the channel length α does not exceed 0.1 (Ref. The spatial oscillations of the oxygen concentration in the channel lead to the oscillations of the local cell impedance along the frequency axis ω. The amplitude of |Z loc | oscillations exponentially decreases with the frequency ω. The characteristic scale of the exponent is inversely proportional to the oxygen diffusion coefficient in the GDL. This enables determination of this parameter from the local impedance spectrum measured close to the channel outlet, where the effect is most pronounced.
Appendix A: Auxiliary parameters
The parameterc 
Eq. 23 withc 
is substituted into (A1), which gives
An expression for the oxygen flux perturbation at the channel/GDL interfacẽ
is obtained by differentiation of Eq. 25 which gives
0 is given by Eq. A2. It is convenient to rewrite Eq. A4 as
Parameters in Eq. 44 are
Appendix B: Relation of the Warburg impedance and the GDL impedance Eq. 36
Consider the proton charge balance equation in the CCL, Eq. 4. Our goal is to relate the perturbation of the oxygen concentration in the CCL induced by the GDL to the perturbation of the overpotential. Suppose that the current is small, so that η and c are approximately constant through the CCL depth. Under these conditions, the proton current is almost linear in x: j = j 0 (1− x/l t ). Integrating Eq. 4 over x from 0 to the CCL thickness l t , we get
With the dimensionless coordinates (2), Eq. B1 takes the form
Omitting the subscript 0, substituting here the expansionsη =η 0 +η 1 ,j =j 0 +j 1 andc = 1 +c 1 , expanding the exponent over smallη 1 and neglecting the term with the productη 1c1 , we come to a linear equation for the perturbationη
where we have used the static Tafel relation ε 2j 0 = exp(η 0 )/2. Fourier-transform y 1 = y 1 exp(iωt) of all the perturbations in Eq. B3 leads to
Dividing this equation by ε 2j 1j 0 and noting that the system impedanceZ =η 1 /j 1 , we findZ
The first term on the right side is the impedance of an ideal catalyst layer with the infinite proton conductivity and oxygen diffusivity. The second term describes the impedance due to the variation of the oxygen concentration and current in the CCL caused by the oxygen flux through the CCL/GDL boundary. In other words, this term provides the "interface" to the GDL impedance.
Let a GDL of a thickness l b be attached to the CCL. The equation for oxygen transport in the GDL is 7 and the solution for the perturbation amplitudec 
The textbook procedures of Warburg impedance derivation employ static equations (Nernst or Tafel) to relateZ withc 
which is, up to an independent of frequency factor, the Warburg impedance. On the other hand, continuity of the oxygen concentration at the CCL/GDL interface requires that c 1 =c
, and from the second term in Eq. B5 we find
(cf. Eq. 36). It follows, that the factor relating the Warburg impedance and the GDL impedance depends on the frequency ; this factor is 1/(1 + i /j 0 ), as discussed in Solution and local impedance section. This factor leads to quite different form of theZ gdl andZ W spectra (Figure 2) .
Expressing the term i /j 0 through the dimensional variables and parameters
we see that in a layer of a vanishingly small thickness, this term vanishes and we get Z gdl =Z W . However, in a porous CCL of a finite thickness l t , this term cannot be ignored. Physically, this term describes the phase shift betweenc 1 andj 1 due to the charging/discharging of the double layer capacitance in the CCL.
Thus, the Warburg impedance implicitly implies the assumption of zero double layer capacitance of the electrode attached to the transport layer. It follows, that the form of equation for the GDL impedance depends on the model of a catalyst layer, to which the GDL is attached. For example, numerical tests show that the account of the oxygen transport in the CCL changes the curve for the GDL spectrum on the complex plane, as compared to Eq. 36.
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